In general liquid-liquid demixing processes are responsible for the porous morphology of membranes obtained by immersion precipitation. For rapidly crystallizing polymers, solid-liquid demixing processes also generate porous morphologies. In this study, the interference of both phase transitions has been analyzed theoretically using the Flory-Huggins theory for ternary polymer solutions. It is demonstrated that four main thermodynamic and kinetic parameters are important for the structure formation in solution: the thermodynamic driving force for crystallization, the ratio of the molar volumes of the solvent and the nonsolvent, the polymer-solvent interaction parameter, and the rate of crystallization of the polymer compared to the rate of solvent-nonsolvent exchange. An analysis of the relevance of each of these parameters for the membrane morphology is presented.
INTRODUCTION
of the membranes. For thermally induced phase separation a good picture of the interference of phase transitions processes is now During the past two decades porous memavailable. For ternary systems, where the imbranes have been developed for a wide variety mersion of a polymer solution in an excess of of applications. 1, 2 For each of these applications nonsolvent induces the phase transitions, the morphology of the membrane has to be optifewer studies have been performed. In the presmized. A large amount of research has been ent article a more detailed thermodynamical performed to understand the fundamentals of analysis of the competition between liquid -liqthe membrane formation by controlled phase uid demixing and solid -liquid demixing for terseparation of polymer solutions. 3 -26 At least nary systems is presented. The findings will be three types of phase transitions can play an discussed in relation to the structure generaimportant role in the structure formation and tion in the polymer solution during immersion fixation: ( 1 ) liquid -liquid demixing, ( 2 ) solidprecipitation. liquid demixing, and ( 3 ) the glass transition. Combinations of liquid -liquid demixing and the glass transition or solid -liquid demixing are held responsible for the porous morphology
THEORY
Here the discussion of interference of phase tran-available (e.g., equation of state theories). How-T m and T 0 m are the melting temperature of the polymer in solution and the hypothetical equilibever, because of its simplicity the Flory-Huggins theory is still suitable to obtain a general underrium melting temperature of the polymer in the solid state, respectively. v u indicates the molar standing of these complex systems. Furthermore the Flory-Huggins theory can provide qualitative volume of a repeat unit of the polymer and DH 30, 31 parameter can be regarded as a measure for the thermodynamic driving force for crystallization of the polymer:
n i represents the number of moles of component The thermodynamic parameters that are imi (i Å 1: nonsolvent; i Å 2: solvent; i Å 3: polymer).
portant for the phase transitions are (1) the therf i represents the volume fraction of component i modynamic interaction parameters, (2) the molar and the g ij parameters represent the binary intervolumes, and (3) the dimensionless parameter A. action parameters between the components i and
The influence of each of these parameters will be j. g T is a ternary interaction parameter and cordiscussed in detail. rects empirically for the application of binary interaction parameters to ternary systems. It should be kept in mind that all interaction parameters g ij can depend on the ratio f i /f j and that g T RESULTS is known to depend on both f 1 /f 2 and f 3 .
31
In a first approximation we assume the interacAs already mentioned, the influence of the intertion parameters to be constants: the g ij equal the action parameters on the location of the binodal, Flory-Huggins x ij . In addition, we neglect the inthe spinodal, and the critical point have been disfluence of molecular weight distributions and of cussed by others. 3, 15, 23 Our results agree comthe ternary interaction parameter g T . The repletely with the results obtained by these authors. sulting equation still contains the general thermo-
The trends on the influence of the variables in dynamic characteristics of ternary systems, but the equations on the position of the liquid-liquid the calculations are simplified to a great extent. miscibility gap in the phase diagram can be sumFrom eq. (1) equations can be derived which marized as follows: describe the binodal, the critical point, and the spinodal for a ternary system. 14, 16, 29 Routes to • The polymer-nonsolvent interaction paramsolve the equations are presented very clearly by eter ( x 13 ) determines to a great extent the Yilmaz and McHugh 16 and Altena et al. 14 and will surface area of the liquid-liquid miscibility not be repeated here. The derivation of the equagap. High values for the polymer-nonsolvent tion for the solid-liquid miscibility gap for terinteraction parameters also imply that the nary systems proceeds in a similar way as the point of intersection of the liquid-liquid misderivation of the equation for binary systems. axis is located at very high polymer concentrations.
• Solvents and nonsolvents with high mutual 1
affinities (low x 12 ) strongly increase the magnitude of the liquid-liquid miscibility gap.
• Low compatibility of the solvent-nonsolvent mixture (high x 12 ) results in large differ-
binary systems, the extremes of the solubility curve seem to be located on the spinodal. 4, 33 The part of the solubility curve that is situated in the liquid-liquid miscibility gap is metastable or unstable and does not have significance under equilibrium conditions.
At the entrance point of the solubility curve in the liquid-liquid miscibility gap the crystalline polymer is in equilibrium with a concentrated polymer solution. The concentrated liquid phase is also in equilibrium with a dilute polymer solution. Therefore, the solubility curve has to intersect the binodal exactly at the other end of the tie line at the intersection point. The equilibrium construction for this phase diagram is presented in Figure 2 . At high polymer concentrations the For increasing (i.e., less negative) A values the solid-liquid miscibility gap becomes smaller. The • In a first approximation (minor) changes in molecular weight, molecular weight distribus shape of the loop within the liquid-liquid miscibility gap becomes more prominent. For A tion, and molar volume are negligible.
Å 00.15 a part of the curve lies outside of the When solid-liquid demixing is included the equilibrium phase diagram becomes more complex. For the construction of equilibrium phase diagrams several requirements have to be fulfilled. A general discussion on these requirements is presented by Koningsveld et al. 32 In Figure The solubility curve starts at relatively high polymer concentrations at the polymer-solvent axis. Due to the lower average solvent quality of the solvent/nonsolvent mixture the transition shifts to lower polymer concentrations at increas- Variations in r are of minor influence on the locamiscibility gap are completely separated. Howtion of the solubility curve and the liquid-liquid ever, still branches of the solubility curve can exmiscibility gap. The effect of changing the ratio of ist in the liquid-liquid miscibility gap at lower the molar volumes of the nonsolvent and the solpolymer concentrations. These branches do not vent is presented in Figure 5 . Variation of s recross the binodal anymore but are situated comsults in minor differences in location of the miscipletely in the metastable areas and the unstable bility gap. On the other hand, the influence of s areas of the liquid-liquid miscibility gap.
For low values of A the solubility curve is located at lower nonsolvent concentrations than the liquid-liquid miscibility gap over the entire composition range. The equilibrium construction of the phase diagram for A Å 00.50 is presented in Figure 3 . For A Å 00.50 liquid-liquid demixing does not have significance under equilibrium conditions.
Influence of Interaction Parameters on the Phase Diagrams
The effect of the interaction parameters on the size of the liquid-liquid miscibility gap has been presented earlier. From eqs. (1) and (2) it is clear that increases in x 23 and x 13 and decreases in x 12 will promote solid-liquid demixing. However, the the morphologies of membranes obtained by the immersion precipitation proces. For thermally induced phase separation the influence of the competition between solid-liquid demixing and liquid-liquid demixing on the membrane morphology has been studied in more detail. Therefore, the basic principles will initially be discussed for binary systems and will then be extended to ternary systems. In Figure 6 (A) the solid-liquid transition and the liquid-liquid transition are shown for a binary system and a ternary system. The binary phase diagram is similar to those published by Burghardt and Cahn. 4, 33 The phase separation processes that occur after passing a phase boundary strongly depend on which phase boundary is A composition path describes the timefore, the solubility curves always start at the same and place-dependent composition of the polymer point on the polymer/nonsolvent axis. Increases solution between immersion and phase separain s imply a decrease in the molar volume of the tion. 24 Notice that, in analogy with Figure 6 (A), solvent. If the molar volume of the solvent is much the polymer concentration can induce similar eflarger than the molar volume of the nonsolvent fects. In case 6 only the solid-liquid miscibility the curve representing the solid-liquid transition gap is entered and in case 3 only the liquid-liquid increases steeply to higher polymer concentramiscibility gap is entered. The structure generations with increasing nonsolvent concentrations.
tion under these conditions is well established. The opposite effect is observed for small molar Solid-liquid demixing processes can give rise to volumes of the solvent.
the formation of single lamellae at very low polymer It is well known that the melting point depresconcentrations or supramolecular assemblies of lasion of a polymer in a solvent depends strongly mellae-like axialities and spherulites at high polyon the size of the solvent molecule. For example, mer concentrations. 5 -10,17,18,22 Solid-liquid demixthe melting point depression of crystals in polying will occur at low nonsolvent concentrations and mer blends is very small compared to the melting high polymer concentrations and also at very low point depression in polymer solvents due to the polymer concentrations and high nonsolvent conlower gain in entropy. These effects are much centrations [not indicated in Fig. 6(B) ]. larger than the effects due to the values of the For liquid-liquid demixing three types of interaction parameters.
phase separation mechanisms can be distinIt is also obvious that the presence of a liquidguished. 11, 34 At low polymer concentrations (beliquid miscibility gap is not a necessary condition for tween the binodal and the spinodal) phase sepaprecipitation. Precipitation of the polymer from the ration takes place by nucleation and growth of a solvent can also occur by crystallization during impolymer-rich phase and polymer spheres can be mersion of a polymer solution in another good solvent obtained. At intermediate polymer concentrations with a sufficiently high molecular weight.
spinodal demixing processes give rise to biconImplications of the Competition Between Solidtinuous network structures. At high polymer conLiquid Demixing and Liquid-Liquid Demixing on centrations (between the binodal and the spinothe Membrane Morphology dal) phase separation takes place by nucleation and growth of a polymer-poor phase and spongy Only a very small number of studies are available that focus on the role of solid-liquid demixing on structures can be obtained. If no other transition In case 4 the liquid-liquid demixing proceeds two layers.
12, 17, 35 In cases 1, 2, and 4 crystallization will only by nucleation and growth of a polymer-poor phase followed by crystallization of the matrix. This take place after liquid-liquid demixing. Two reasons are responsible for this. 
5-8
In case 5 crystallization takes place first; howdition the activation energy for liquid-liquid demixing is much lower than for crystallization.
ever, in the course of the demixing process the polymer solution will be pushed in the miscibility gap. In case 1 first liquid-liquid demixing will take place by nucleation and growth of polymer-rich Examples of liquid-liquid demixing induced by solid-liquid demixing are presented for polymer phase followed by crystallization of the polymerrich droplets. This case has been described for blends by Li et al., and Tanaka and Nishi. 39 -43 These phenomena were recentely reported by van binary polymer-solvent combinations by Schaaf et al. 38, 39 Shibanov concluded that in contrast to pected to play a large role in the phase separation of the solution. As has been demonstrated in deby the poorer solvent dioxane the same effect is observed. 45 Probably the lower solvent quality of tail in the theoretical section the most important variables on the relative position of the solid-liqthe chloroform/toluene mixture and dioxane shifted the demixing mechanism from liquid-liquid transition and the liquid-liquid transition are the driving force for crystallization of the polymer uid demixing to solid-liquid demixing. The effect of the polymer concentration in the (A), the nonsolvent/solvent molar ratio (s), and the polymer-solvent interaction parameter ( x 23 ).
casting solution is also clear from the system PLLA-chloroform-methanol. Crystalline memMore negative values for A imply a higher tendency for crystallization. But also increases in x 23 branes with cellular morphologies were obtained for casting solutions with low polymer concentraand decreases in s are expected to promote solidliquid demixing over liquid-liquid demixing.
tions. For casting solutions with high polymer concentrations spherulitic morphologies were obHigh polymer concentrations of the casting solution promote solid-liquid demixing because the tained. 44 Similar effects were observed for the system nylon-4,6-formic acid-water. 22 An example of composition is located closer to the solid-liquid miscibility gap.
a membrane-forming system with a slowly crystallizing polymer is polyphenyleneoxide-trichloroApart from thermodynamical parameters also kinetic parameters will play an important role.
ethylene-ethanol. 15 Thermodynamically, crystallization is favored over almost the entire composiLiquid-liquid demixing usually proceeds very rapidly. The rate of crystallization of the polymer tion range. However, the membranes that are obtained experimentally are amorphous. In these depends strongly on the properties of the polymer, the composition of the solution, and the condicases the morphology is determined by liquidliquid demixing followed by vitrification of the tions. Due to the higher activation energy necessary for crystallization and the lower growth rates polymer-rich phase. of crystallites liquid-liquid demixing will usually precede solid-liquid demixing. 18, 33 Liquid-liquid demixing processes can even precede solid-liquid CONCLUSIONS demixing processes in cases where solid-liquid demixing is favored thermodynamically. 20 Many kinetic and thermodynamic parameters are When the rate of crystallization of the polymer important for the competition between solid-liqin solution is very slow compared to the quench uid demixing and liquid-liquid demixing during rate the semicrystalline polymer will behave like immersion precipitation. It is shown that nonan amorphous polymer. Low solvent / nonsolvent equilibrium transitions can play a large role durexchange rates -comparable to slow cooling in ing the phase separation of polymer solutions and binary systems -will promote solid -liquid dethat the final morphology of the membrane can mixing processes that are favored thermodynamoriginate from a cascade of phase transitions. It ically. For the exchange rate it has been demonis further demonstrated that, for a given polymer, strated that a good solvent -nonsolvent interacthe molar volume ratio of the solvent and the nontion, coupled with high mutual diffusion solvent and the polymer-solvent interaction pacoefficients, will usually result in a very rapid rameter can be used most efficiently to shift the exchange of solvent for nonsolvent. 24, 25 These importance from solid-liquid demixing to liquidconditions promote liquid -liquid demixing over liquid demixing and vice versa. solid -liquid demixing.
Some of these predictions are confirmed by ex-
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